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Lithographic method for small line printing 



The invention relate? to a method of foixning a pattern of features having sub- 
micron widHi in a device substrate layer» which method includes the steps of; 

fonniDg a resist layer of one of ttie resist types: positive resist and negative 
resist on the substrate; 

5 - providing a mask having a mask pattern corresponding to the pattern of 

features to be formed in the substrate layer; 

llhmiinating the resist layer via the mask pattern by meaii$ of a projection 
beam providing an exposure dose, thereby generating an acid concentration profile in the 
resist layer around each imaged feature; 
10 - heating the illuminated resist layer during a post exposure baking (PEB) step 

so that, starting from the highest illmnination intensity areas, the material of a positive resist 
layer becomes soluble and the material of a negative resist layer becomes insoluble, 
respectively in a developer solution; 

developing the resist layer in the developer solution so that resist material is 
15 removed &om resist layer areas having a solubility above a Ihreshold value so that a resist 
... profile pattern is obtained, and,. 

rsmo ving material from or adding material to areas of the substrate layer, 
which areas are delineated by the resist profile pattern so that the required pattern of features 
is fbxmed in the substrate layer. 
20 The invention also relates to a method of manu&ctming a device, using this 

pattecning method and to a device nmanufactured by means of tiie method. 



This method may be used a/o in the manufaetmre of devices^ like integrated 
25 circuits (ICs% by means of masking, material removing and implantation techniques. 

A positive resist layer is understood to mean a resist layer of which 
illuminated areas are rraioved during the developer step. A negative resist layer is understood 
to mean a resist layer of which non-iUmninated areas are removed during the developer step. 
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A substrate is und^stood to mean a plate of material, for example silicon, into 
wMoh a complete multilevel device, suclx as an IC, is to afonned level by level by means of a 

nnjnbeiLOlsUQceasiJie sets of p rocessin g steps. Each of these sets comprises as main 

processing steps: coating a radiation sensitive, or resist, layer on the substrate, aligning the 
5 substrate with a mask, imaging the mask pattern of Ais mask in the resist layer, developing 
the resist layer, etching or implantation of the substrate via the resist layer and finther 
cleaning- and other processing stqps. The term substrate covers srubstrates at different stages 
in the manufacture process, i.e. both a substrate having none or only one level of already 
configured device features and a substrate having all but one levels of ahready configured 
10 device features, and all intermediate substrates. 

The method uses a lithographic projection apparatus, which apparatus is an 
essential tool in the manu&oture of ICs. The projection apparatus is used to hnage 
successively difEferent mask patterns at the same area of a semiconductor substrate, each mask 
pattern at a different level, or in different layer, of the substrate. This apparatus includes, m 
15 this order, an illwninadon unit for supplymg a projection beam, a mask holder for 

aooofflmodating a mask, a substrate holder for accommodating a substrate and a projection 
system arranged between the mask holder and the substrate holder. The mask is provided 
witti a mask pattran corresponding to the pattern of device features that is to formed hi fliat 
substrate layer that is to be configured by the specific mask pattern. The projection system. 
20 which may be a system of loises or a system of mirrors or a combination of such systems, 
r^.-; .-.•foraisanimage.knDwnaaaerialnnage,ofthemaskpattemonaresist-^^ 

substrate. The aerial image shows an intensity distribution coirespondmg to mask pattern. 

hiliie illuminated, or eixposed, areas of fiie resist layer an acid is generated, 
wMch add is partly neutralized by a quencher. Usually the exposure step is followed by a 
25 step of baktog the resist layer, which st^ is called the post-exposure bake (FEB) step. In a 
positive resist layer, the thennal activation by means of the FEB step causes the remaining 
add to start removing solubility-blocking ffoaps, which are present m the polymer cham of 

the resist The esfifect of fliis action, which is known as do-protecting the resist, is that the 

resist becomes soluble in an aqueous developer once the de-protection action has taken place 
30 up to a glvestt esttent, or has reached a threshold level This means that, for a given duration of 
the FEB step, the resist polymer will become sohible hi those areas where the aerial hnage 
intensity exceeds a given threshold hitensity. hi anegative resist layer the thaimal activation 

cau ses protectio n o f the resi st, i.e. solub le resist, which is soluble in a dev doper solution 

becomes insoluble. 



^TYvrYA^/^o^/>Tn>.^^ ^^ 009 30.08.2002 12:5i 

PHISPIj020842EP^B 

3 30,08.2002 
Since it is desirable to steadily increase the number of electronic coinponents 
in an IC device and the operating speed of such a device, the im'Tiixnim widtti of the device 
features^ or --lines, also called the critical dimension (CD), and the distance between these 
features should steadily be decreased. As a consequence, mask patterns with increasingly 
5 smaller pattern features and smaJtler distances between these features should be imaged. The 
mimmum size of patt^ features, which can be imaged with the required quality by a 
lithographic projection apparatus, depends on the resolving power, or resolution, of the 
projection system of this apparatus and the structure of the mask pattern. This resolution is. 
proportional to WNA, wherein X is the wavelength of the projection beam and NA is the 

10 numerical aperture of Ihe projection system. Ihcreaamg the numerical aperture and/or 
decreasing the wavelength could increase the resolution. In practice, an increase of the 
numerical aperture, which is fairly large in current lithographic projection apparatus, is not 

well possible because this reduces the depth of focus of the projection system, which is 
proportional to ?^/NA?. Moreover, it becomes too difScult to correct the projection system for 

15 abeirations across the entire required image field if the numerical aperture is further 

incTMsed Reducing the wavelength in the deep UV O^UV) region from 193 nm, as used in 
current lithographic projection apparatus, to 157 nm, for example^ poses new problems with 
respect to materials for the optical elements of the projection system and to resist materials^ 
which are sufficient sensitive to radiation of this wavelength. For a next generation of 

20 lithographic projection apparatus it has been proposed to use extreme UV (EUV) radiation 

with a wavelcaagfli in the order of l3iom;-.'a i'strae that use of such radiation allowimaging -^^^ . 
of considerably foier pattern stmcture, but the design and development of an EUV projection 
apparatus is a very challenging and time consuming task. As EUV radiation is ea^ly 
absorbed by air, the path of the projection beam should be in vacuum^ which poses specific 

25 and new problems. A suitable and ef&dient HCXV radiation source is not available yet and also 
new resist materials, sensitive to EUV radiation have to be developed. An EUV lithographic 
projection apparatus suitable fbr IC, or other devices^ production will not become available in 
the naict years, .... 

Thus, there is a large need fbr a method of znanu&oture of devices having 

30 device features, or -lines, conaidjarably smaller tiian tiiose of ourrenlly manufactured devices^ 
which method uses a conventional projection apparatus and masks patterns having 
conventional features sizes. Configuring such small lines, having a width smaller tiian 100 
nm, In a device substrate layer may also be called very small hne (VSL) printing. 
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For printing such, vety small lines ftom conventional mask patterns, the 
exposure dose, i.e. the amount of electromagnetic eftergy used for imaging a line, could be 
increased to an oy^- eocposure level. The effect of cver-CTq)osure is that the amount of add 
molecules, which remove the soliAility^-bloeking groiqps fiom the positive resist polymer 
5 chain, increases and that these molecules can reach resist regions close to the center of a line 
to be printed. This center corresponds to an intaasitjr miniTnuni in the aerial image projected 
on the resist layer, which TnWTnnm corresponds to a black line of a binary mask pattern, i.e. a 
black and white pattero. In this way resist regions under the aaial image line become soluble 
so that, after developing aod etching of the resist layer, the obtained device feature in the 
10 substrate layer is smaller lhan Ihe corresponding line in the aerial image. 

However, the width of device features obtained by means of flie over-ejqiosure 
process is extremely dependent on focus variations in the projectioii system. If the projection 
beam is fbcussed on the resist layer, the features of ihe aerial image projected on Ibis layer 
have minimum dimensions. If the focus plane of tfie projection system shifts wfth respect to 
15 the resist layer, flie mask pattern is no longer sharply imaged on the resist l^er and the 

dimensions of the imaged features in the resist layer Increase. This means that the majdmum 
intensities in the aerial image received by the resist layer decreases, which results in 
increased line width in case a positive resist is used. A second problem that may occur with 
overexposure is line collapse, i.e. the required pattern feature, or -line vanishes, duo to oveiv 
20 development and subsequently over-etching. A third problem with ovet-©cposure is that 
rBstet^pnthetopofareauh^^^ 
a required pattern feature. 

The above-mentioned problems naay be reduced by using extreme oif-axis, or 
skew, illumination of the resist layer, such as the well-known dipole or quadriqjole 
25 illumination, or by using phase-shifting mask patterns, instead of binary mask patterns. 
However, the image quaUty obtained with off-axis illumination is extremely dependent on 
the orientation of the pattern features and on the periodicity, or pitch, of features in the 
pattern. Phasershifling mask are very expensive compared with binary mask, which is .. 
prohibitive especially if l3ie nuniber of IC devices to be produced by means of a specifio 

30 mask is not very large. 

Another problem encountered with lithography methods in general is that the 
size of the features configured in the substrate layer should be equal to M times the target 
size, M being til© magnifioation of the projection system. The target size is fixed in t he IC 



design, tihus in flie ina^ pattern, and is called hereinafter the design width. IrrBgularities hi 
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fhe lithographic piocessi of wiiicli focus variations aod exposure dose variations are thQ most 
importaat oneSy may cause diffearences between the actual size and the target size» Focus 
variations may not only be caused by imperfections of the projection system, but may also 
result from projecting an aerial image on a tesist layer vvldcTx shows a topogmphy due to 
5 feature patterns configured in lower substrate layers by means of preceding lithographic 
processes. However, for eadi lithographic process there is a specific feature size, called 
isofocal CDj fi>r wbich relative large focus and dose variations can be tol^ated, because they 
have a relative small influence on the size of the feature being configured. This isofocal CD 
is strongly dependent on the resist used and on the nei^orhood stmctm-e of the feature in 
10 the design pattern and thus in the aerial image. Unfortunately, the isofocal CD usually is not 
equal to the feature size in the design pattern. TMs means that the lithographic process- 
latitudes. i,e. process tolerances, are very small and that very Mgh requirements have to be set 
to &e depth of field of the projection syst^ and to the exposure dose. 



15 

It is an object of the invention to provide a method of tiae type described in the 
opening paragraph, which method allows configuring patterns of features havmg a width 
smaller than 100 nm and/or has large process latitudes. This method Is characterized in that 
Hie time duration of the FEB step and the exposure dose are adapted to the design width of 
20 the features to be formed. 

' - • • The invention is basedon the itisight that the PEB tinie.^ 

a tuning pt>cess parameter. For, this time duration^ in addition to the exposure dose, 
determines to which distance from a resist region of minimum illumination acid molecules, 
gen^ed in regions of maximnm iUimiination, can difiuse through the resist. Thus the FEB 

25 time duration is used to control the sl2e of the resist areas which are made soluble and will be 
removed in the developing stqp. This holds for a positive resist layer. Xn case of a ne^tive 
resist layer the FEB time duration controls fiie extent to which soluble resist becomes 
insoluble. Said insight can bp used to solve the above-mimtioned problems. 

An embodim^ of the method* wherein daring the FEB step transitionfi; 

30 between non-soluble and soluble xesi^ material initially have a negadve slope, is 

characterized in that an enlarged FEB time dioratlon is used to push &e slopes to at least zero 
slopes and preferably positive slopes. 

In currently used Uthogr^hic processes wherein the FEB time duration is, for 
example 90 sec^ the add concentration profile in fhe resist lay^ has negative slopes, which 
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means fbat the transitions betweooi non-soluble and soluble xesl^ material have a negative 
slope. For a positive resist a negative slope means than the top sux^e area of a required, 

non-soluble resist, feature is larger than its base area. Sw3x a resist feature behaves less stable 

during the developing step than a resist feature having positive slopes, i.e. having a top 
5 sur&ce area smaller than its base area. For a negative resist feature a negative slope means 
than the top suc&oe area of a reqtiired, soluble, resist feature is smaller than its bas^ which 
may cause dif&oulties in removing the soluble resist portion. As Htub FEB step changes the 
acid concentration profile in the resist layer and flms flie position and slopes of tiie transition 
between non-soluble and soluble resist material, die PEB time duration can be used as a 
10 process parameter to change the slopes fiom positive to at least zero and prefonably positive 
slopes. - 

The method may be further charactBrized in that a resist layer having a 
thickness in the range of 300 to 350 nm is used. 

It has been found fliat use of the method in combination with a resist layer 
15 having a thickness of the order of 300 nm, for exaa^le in the xange of 320 to 330 nm, 
provides excellent results. 

The mettiod may be further characterized in that a resist having reduced 
radiation absorbency is used tQ reduce changes in the slopes of transitions between non- 
soluble and soluble resist material which changes are due to extended PEB time duration, 
20 This method can be used if a sfpecific slope, for example of 90°, is required for 

. . the transitions between nonrSoluble.and soluble resist material. A slope of 9SP means that a „ 

Active wall separating non-soluble and soluble resist material is perpendicular to the surfece 
planes of the resist layer. For a lithographic process, which is designed such that sw>h a slope 
is obtained by using a conventional PEB time of 90 sec, the slope will change when using a 
25 longer PEB time. For example, when a PEB time of 180 sec is used, a positive slope of SO** 
wiU be obtained (for apOSLtive resist). This is due to absorption of exposure radiation by the 
resist layer, which causes the ejq)O0ure intensity at the top of the layer to be larger than at the 
base of the layer. According to the invention the change of the slope can be reduced by using . 
a resist, which has lower absorption coefficient. 
30 Using a longer PEB time may aEBsot tia© dirou^ut of the lithographic 

process. Thrott^ut is understood to mean the number of substrates tiiat can be processed in 
a unit of time. The exposure time of alithographlc projection (exposure) apparatus is for 
example 90 sec. If, as is usual in a conventional process the PEB time is also 90 sec, a steady 
ioijw of exposeds^strates fiom the exposore ^paratus to ihe PBB d«vfci^also oalledho! 
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plate, can be maintained. If tii© PEB time is, for oxaxnple 260 see. a substrate that has been 
e>q30sed has to wait 170 sec befoie it oan be placed in the PEB device, which means that the 
throughput of the p2x>cess is considerably decreased. 

According to the invention the high throngiput can be maintained if the 
method further characterized in that for carrying out the PEB steps for successively 
illuminated substrates a number of PBB devices is used, which number correjsponds to the 
ratio of the PEB time duration and the e^qposure time for one substrate. 

For the given example with an e}5)osure time of 90 sec. Inclusive alignment of 
the substrate relative to the mask pattern and a PEB tune of 260 sec, three PEB devices will 
be used. If a first exposed substrate is transported to the first PBB device^ a second exposed 
substrate to the second PBB device, a third exposed substrate to the third PEB device, a 
fourfli exposed substrate to the first PEB device and so on, flie original high throughput can 
be maintained. Thereby an cfEbctive use is made of the fact that at an IC (device) 
manufeoturing «cte^ also called a Fab, a number of hot plates are present, \^ch are not m use 
15 simultaneously. 

A general problem encountered in lithographic processes is that the feature 
printed &om a dense line having a given design CD, thus a CD in a mask pattern, is broader 
than the printed feature from an isolated line having Ihe same design CD, An isolated Knep or 
feature, is understood to mean a feature having no neighboring features in a smroimding area 
20 of a size of the order of the feature width. A dense line, or feature is understood to mean a 
feature, which forms part of a series of features at a mutual distance in the order of the widtii 
of tile feature. For example, an isolated feature having a design CD of 1 00 mn is printed as a 
feature having a width of 90 nm, whilst a dense feature having awidth of 110 nm. To solve 
this problem, i.e. reduce or eliminate the differ^ce in printed width, the isodense bias 
25 principle can be used. This principle is based on optical proximity coirection (OPQ. OPC 
means ttiat in the neighborhood of a design device feature one or more additional features are 
arranged. The additional features are such small that they are not imaged as such^ but ttiey do 
influence the wave ftont of the ^ogure beam portion that images the design feature and thus 
fee image of the design feature. By means of specific OPC features in the mask pattern the 
30 printed feature width fiom a dense feature and from an isolated feature can be made equal to 
each other. 

However, it was discovered that enlargement of the PEB time causes an 
enlarg^ent of the dijEFerence between the width of a printed dense feature and the width of a 
printed isolated feature. For example, if the PEB time is increased &om 90 sec to 260 sec, the 
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■width of the printed isolated feature wiU be 100 nm and that of the printed dense feature tvill 
be 130 ma. The original OPC features can not correct the difference in wdth. 

This problem will be eliminated if the metiiod is further oharactCTized in that 
in the design stage tbe envisaged PEB tune duration Is used as a d^gn parameters 
5 detennine the design width of the design pattern of features. 

The OPC features for printed feahnre width correotion can now be adtqpted to 
the PEB time to be used so that the width difference again can be eliminated. In this way a 
fiirfhesr lefinement of the method is obtained. It is also possible to adapt other OPC features, 
which are used fbr other purposes than printed line width control, to the PEB time duration 
10 chosen. 

According to a first aspect of the invention the method is characterized in ito^ 
PEB is pecfozmed during a time at least twice as long as a standard time and that a 
correspondingly smaller exposure dose is used to obtain feature width smaller than 80 nm. 

By using a smaller e}q>osur6 dose the amount of acid molecules ia reduced, 

15 especially ia the nei^orhood of tt»e mnrimum intenaty regions and the threshold value of 
this amount to efifect d&^tection of a positive resist is reached at larger distance from the 
minimum intensity regions. At such a laiger distance the aerial image intensity is much less 
sensitive to focus variations. A considerable increase of the PEB time duratioji allows also 
the small amount of acid molecules present in the areas close to the minimum intensity 

20 regions to de-protect liie resist Thus also the resist close to the center of the m i n iT m im 

intOTSatxxegions be^ ttiat fte widlh. of the pattern feati^Jsd 

despite the low exposure dose used. The great advantage of this me&od is that for the low 
exposure dose range the hiteiMity variation due to focus variation is much smaller. Bioco flie 
(longer) PEB step and the (more efficient) use of the acid are not sensitive to fecus ewois 

25 caused by the projection apparatus, it becomes possible to print very small, for example 40 
nm broad, lines with relative large process latitudes. 

The above holds for a positive resist. Similar effects occur in a negative resist 
on the understanding that the resist becomes protected, instead of de-protected. 

According to a second aspect of the invention the method is characterized in 

30 that the isofocal CD is tuned to the design DC by adapting the PEB time duration and the 
ejqiosure dose. 

In this way, large process latitudes for printing both vexy small and larger 
design CDs are obtained. 
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A first embodiment of the method is characterized in fljat use Ls made of a 
biaaiy mask pattern, 

A binary mask, which may comprise a transparent substrate md a pattern o^ 
for example, chromium features on one aide thereof, is the cheapest type of lithographic 
mask. Using such a mask in combination with the new method can substantially reduce the 
minimum line width that can be printed with such a mask and/or can enlarge the printing 
process latitudes considerably. 

A second embodimedit of the method is characterized in that use is made of a 
phase shifting mask pattern 

The phase shifting mask may be a pure phase shifting mask, also called a 
ohromie-less mask. In such mask the borders of the device features are marked by small areas, 
which introduce phase shifts in tiie projection beam. Uie phase shifting m^nit may also be a 
mask wherdn the device features are non-transparent, for example chromium, features, the 
borders of which are marked by phase shifting areas. The phase shifted beam portions of a 
made feature interfere with eadi other to form an hnage feature that may be oonsideacably 
smaller ihan ihe image feature tliat can be obtained from the same mask feature on a binary 
mask. Using a phase shifting mask in combination with the new method can fbrther reduce 
the printable line width and/or can adarge printing-process latitudes considerably. 

The invention also relates to a method of level-by-level manufacturing of a 
device, which con^rises device features distributed over different levels, wHoh method 
employs an number of device features configuring processes, each process fhr one device 
level. This method is characterized in that at least one of the configuring processes comprises 
ttie method as described herein before. 

As tibe new pattern forming method results in a device having smaller 
minimimi device features and/or better defined feature sizes, the invention is also embodied 
in such a device. 



These and other a^ects of the invention are apparent firom and will be will be 
elucidated by way of non-limitative example with reference to the embodiments described 
hereinafter. 

In the drawings: 

Fig. 1 schematically shows an embodiment of a litiiograpbic projection 
apparatus by means of which the method can be carried out; 
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iHg. 2 shows the depth of focus as a funotioii of the GD jfor a ourreaol standard 
lithographic process and for a process wherein the invention is used; 

Fig. 3 shows ahlock diagram of . a standard Uthographlc process; , 

"PigrTs hows an i gt^ityttigtiibutitmifff ajragrialimage-fordi^ 

5 values; 

Fig. 5a and 5b show Boasung plots of a print of a binary mask feature obtained 
by means of a standard process and a procero wherein the invention is nsed, respectively; 

Fig. 6a and 6b show Bossimg plots of a print of a phase shifting mask feature 
obt^ed by means of a standard process and a process wherein the invention is used, 

10 respectively^ and 

HgB. 7, 8 and 9 show how the isofooal OD can be tuned by means of changing 

file post-^osure time duration and the esqiosure dose. 



j5 Li the sohcmatio diagram of Big. 1 otnly the most important modules of an 

embodiment of a lithographic projection, or exposure, ^aratus are shown. This apparatus 
conges aprojection column wherein a projection system, for exaaqjlei a leas projection 
system PL is accommodated. Above this system amadcbolder MHforoaityinga.masikMA 
is airanged, wbldi mask conges amask pattern C to be imaged. The masik pattern is a 

20 pattern of features corresponding to the features to be configured ui a layer of a substrate, or 
waffer, W. The mask holder fonns part of flkmadc^le KT. A substr^e table WT is awaited 

" in £ projectiOT ootanm beneath ie prpjeotion lens system. The si*stratB table is provided 
wifli a substrate holder WH for holding a substrate, ft>r example a semiconductor wafer, W. A 
radiation-sensitive layer PR, for example aphoto resist layer, is coated onflie substrate. The 

25 maskpattem C should be imaged a number of times in Ihe resist layer, every time in anoflier 
IC area, or die, Wd. The substrate table is movable m Ihe X- and Y-directlon such that after 
Ihe mask pattern has been imaged in an IC area, a next K! area canbe positioned under the 
mask pattern and the projection system. .... 

The apparatus ftttther comprises an ilhmunation system lhat is provided wit^ 

30 radiation source LA, for example a mercury lamp or an excimer laser like a Krypton^Pluoride 
exchner laser, a lens system L3, a reflector RE and a collector lens CO. A projectton, or 
exposure, beamPB suppHed by the iUuraination system illuminates the maskpattem 0. The 
projection system PL images fliis pattern in an IC area on the substrate W. 
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The apparatus is fiirther provided a number of laeasuring systems. A first 
measunng system is an aUgnment meajsming system for determinhig aligtonent, in tbe XY* 
plane, of the substrate witb respect to the mask pattern C- A second measuring system is an 
uxter&rometer system IP for measuring the X- and Y-position and the orientation of the 
5 sub$trdte« Also present is a fi:)cus-enx)r detection system (not i^Tm) for detemiinixig a 
deviation betv^een the focus, or image* field of the projection system and the radiation- 
senisitive layer PR on the substrate. These measuzing systems are parts of s^o systems, 
which comprise electronic signal processing- and control circuits and actuators by means of 
which the position and orientation of the substrate and the fi)cus can be corrected at the hand 

10 of the signals delivered by the measuring systems. 

The aKgmnent detection system uses t^o alignment marfcs Mi and Ma in the 
mask MA, which marks are sho\?ra in the ri^t top section of Fig. X, These ijiarks are, for 
example^ diffiraction gratings* but may also be constituted by other marks, like squares or 
strokes, which are optically different from their surroundings. Preferably the aligmnent marks 

15 are two-dimensional, Le. they extend in two mutually perpendicular directions^ the X- and Y- 
direction in Fig. 1- The substrate W comprises at least two alignment marks> two of which, 
and ^2 are shown in Hg. 1. These marks are positioned outside the area of the substrate W 
where the images of the mask pattern have to be fomied* Preferably the grating marks Pi and 
Pa are phase grating and the grating maiks Mi and M2 are amplitude gratings. The alignment 

20 detection system may be a double system wherein two alignment beams b and are used for 
detecting alignment of the substrate mark P2 with respect to the mask mark M2 and for . 
detecting alignment of the substrate mark Pi with respect to the mask mark Mi, respectively^ 
After having traversed the alignment detection system, each of the alignment beams is 
incident on a radiation sensitive detector 3 and 3 % respectively. Each detector converts the 

25 relevant beam into an electrical signal that is indicative of the degree in which the substrate 
mark is aligned with respect to the mask mark» and thus the degree in which the substrate is 
aligned with respect to the mask. A double alignment detection system is des<»ibed in 
US*-A 4,778^75, which is referred to for fijrthcr details about this system. 

For acciirately determining the X- and Y-position of the substrate, the 

30 lithographio ^paratos ccnq)rises a multiple-axis interferometer system^ which is 

schematioally indicated by the block IP in Fig. 1. A two-axis interfiarometer system is 
described in US-A 4,251,160 and a three-axis interferometer system hi US--A 4,737»823. In 
EP-A 0,498,499 a five-axis interferometer system is described, by means of which both 
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displacements along the X- and Y-axis and rotation about the Z-axis and tilts about the X-and 
Y-axis can be mfiasured very accuiatoly. 

Ab IndicatedinFig. 1, the output signal Si of the interferometer system and the 
signal S3 and S3* of &e aUguwent detection system are supplied to a aignai processing oirouir' 
5 SPU, for example a micro conq>uter, wM6h processes these sigtwls to control signals Sac for 
an actuator AC. This actuator moves the aubsttate holder in the XY-plane, yia the 

substrate table WT. 

The output signal of the above mentioned focus-enor detection q?stem is 
«nployed fbr correcting fbcus errors, for example* by moving the projection leajs system and 

10 the substrate relative to each other in the Z-direotlon, or by moving one or more lens 

Ql^^iejttg.Q^ihe.pripjection systeoi in iJae Zrdireotion. A focus-error detection system, whidi 
maybe fijced to the pwqection lens system, is described in IB-A 4,356,392. A detection 
system by meaiffi of which both a fiscus-error and a local tilt of the substrate can be detected 
is described in US>A 5,191,200. 

15 Thereisasteadilydemandtodecreasethedetails, fhevddthof adevice 

future, or line, and the distance betwe^ nei^boring device features, in order to increase ^ 
operating speed of the device and/or to increase the number of companents in such a device. 
The smallness of the details which can be imaged in a satis&ctoiily way by a li^gn^bic 
projection apparatus, of which Fig. I shows an example, is deteonined by Ae imaging quality 
20 and r^olving power of the projection system. Conventionally the resolving power, or 

resolution, has bee» improved by increasing the numOToal t^erture NA and/^ the 
wavelengOa of the projection radiation. A fttttoer in«»ase of fee n 

hardly be expected In i»actioe and fiixther decreasing the v^avelengtti of fee projection beam 
will pose a lot of new problems. 
25 A more recent development on the way to image smaller pattern details wife 
projection systems, which can still be manufactured. Is to t^e a step-and-scanning 
Ufeogcaphic ^paratus, instead of a stepping lifeographic apparatus. In a stepping apparatus, a 
full-field illumination is used, i.e. fee entire mask pattern is illuminated in one operation and 
imaged as a'wixole on an IC area of fee substrate. After a first IC area has been exposed, a 
30 step is made to a next IC area, i.e. fee substrate bolder is moved in such a way that the uext 
IC area is positioned under fee mask pattMU. Thereafter feis IC area is exposed, and so forfe 
until all IC areas of fee substrate are provided wife an image of fee mask pattern. In a step- 
and-scanning apparatus only a rectangular or circular-segment-shaped area of fee mask 
pS^sririlhgniJffitBdandrhBnce-also-arcorreapondingt^^ 
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time exposed- The mask pattern and the substrate are moved synohf onously through the 
projection beam, while taking the magaifioation of the projection system into account Jxx a 
continxious process subsequent sub-areas of the mask pattern are then each time imaged on 
corresponding sub-areas of &e relevant IC atrea, After imaging the entire mask patt^ on an 
S IC substrate area in this way, tiio substrate holder performs a slspping movement, the 
beginning of a next IC area is moved in the projection beam* The mask is flian. set, for 
exan^le, in its initial position where after said next IC area is scan-exposed. As in the step- 
and-scanning method only the central part of the image field is used and thus only this part 
need to be corrected for optical aberrations, a relative large numerical ^ertore can be 

10 employed Ih iMs way the width of the device features and theh: inter spaces, which can be 
imaged with the required quality, can be decreased to a certain degree, However, increasing 
the density of device patterns by optical means will not be sufficient &x next gen^tions IC's 
and oth^ devices. Moreover, the theoretical Umit, set by the numerical aperhue, the 
wavelengttx and the scanning principle will not be reached in practice, due to imperfections of 

IS tiie ^paxatus, like optical aberrations, and imperfections of the lithographic processes. 

The use of aprojection system, which is capable to form an image, also called * 
aerial image, in the resist layer, which image has very small lines (VSL) does not guarantee 
&at coiiespondingpiy saaall device features can be configured in the device substrate layer. 
When configuring very small features in a substrate layer two i^a^y* problems arise, namely 

20 line collapse and the very high sensitivi^ of the process for focus variations. For a positive 
resist line collapse is the phenomenon, that resist is removed fi:om positions where it should 
remain so that a requhed feature, or line, disappears. The influence of focus variations on the 
capability of the lithographic process to configure small lines is illustrated in Fig, 2. 

Hg. 2 shows the depth of focus DOF (in pm) as a function of the reqijired 

25 minimum feature width (CD: <^tical dimension) for a standard process and for a design line 
width of 100 nm. Curve Ol represents the case of a dense hne, i,e, a line from a pattern 
having a number of such lines spaced 140 nm, whilst curve C-2 represents the case of an 
isolated line. The pattern and the line are binary mask patterns. A binary mask is imderstood 
to mean a mask comprising a transparCTt substrate, one side of which is provided wittx a 

30 configuration of non-transparent regions, which together represent the design pattern. The 
non-transparent regionp usually are made of chromium. The depth of fbcus is understood to 
mean tiie range of defocus values for which the resulting line width variation rematas within 
plus and minus 10% of design line width. As mentioned herein before and will be discussed 
later on, the feature width smaller than 100 nm shown in Fig. 2 can be printed by means of 
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Over-ej£pOBure of a 100 nm line v/im pattern. Fig. Z clearly shows that the depth of fbcos 
strongly decreases with decreasing CD, especially for tlie dense line (curve C-1); the DOB is 
already as smatt aa 100 tan for a CSD of S5 nm. The difBsrence between cinrve C-1 and that fi»r 
the isolated line, is causedby the di^rence betweai the aerial image intensity 
5 distribution of an isolated line and a (dense) line fiMming part of a series of lines. 

Fig. 3 shows a block diagram of the lithographic pjtocess steps, which are 
relevant for the present invention. For this tod following Figs it is assumed that apoaitive 
xesistisused. 

Block B-1 denotes the step of providing a substrate layer, wMoh is to be 
10 configured with apattem of device featnre, with a resist layer andpositlomngthe substrate in 

aprojectlon aj^aratos, like that of Fig. 1. .;. 

Block B-2 denotes tbe st^ of designing and providing a mask, which 
comprises a mask pattern coirespondJng to the pattern of the device featores to be configured, 
and placing this mask in the xwojection ^axatos. 
15 Block B-3 denotes the step of illuminating the resist layer via the mask pattern 

by means of an exposure beam, which provides the required exposure dose. In the exposed 
portions of the resist acid.molecules are freed in a controlled way by means of aquencher, 
which partly neutralizes ^e acid molecules. 

Block B-4 denotes fte st^ of removing the substrate wifli the sjqwsed resist 
20 layer firom Hie projection apparatus and placijog it in oven to undergo post exposure baJdng 
during a pr^etennined time. In a positiye resist the FEB theoually activataj the remaining 
add molecules, which start to remove the sohibiHly-blockiag groups present to fee resist 
polymer chain- This activity is known as de^protecting fee resist As areault, the resist 
becomes soluble once de-protection has reached a given level, or thre^old- Taken a fixed 
25 FEB time duration, aerial image intensity at least equal to afhreahold intensity is needed to 

render fee resist soluble. 

Block B-5 denotes fee step of removing the substrate ftom fee PBB device and 
placing it in a developer solution to remove fee soluble portions of the restet so that areaJst 
pattern is obtained, 

3Q Block B-6 denotes fee step of removing fee substrate from fee devdoper 

solution and placing it in an etching device and/or an implantation device. Thereby material 
is removed from and/or added to layer regions delineated by fee resist pattern D obtained in 
block B'5 so feat IC regions wife required properties are obtained. For the manufacture of a 
5^S^ite<(XQ"^eviw 
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intemiediate $tepz are repeated a nxmiber of time? eqaalto the mrmber of device substrate 
layers to be configured. 

For configuriag device featares, or -lines, having sub 100 nw width, over- 
exposurei» ie. exposure with an enlarged radiation dose» can be used* The ei^ct of over- 
5 exposure is, that the threshold aerial image intensity is reached also itx resist areas close to the 
center of ihe aerial image intensity minimum, which center coztesponds to the center of the 
line to be formed. This means that the resist in. these areas becomes also soluble so tha^ after 
the develop stepj aresist line smaller lhan the aedal image line will remain, which very small 
line is denoted by VjSLt 

10 A disadvantage of VSL printing by means of over-exposure> which 

disadvantage is veiy important in practice, is fliat the printed line width is.very sensitive to 
focus variations^ as shown in Fig. 2 by curves C-1 and C-2, and fi>r line collapse. The strong 
sensitivity to focus variation can be mderstood by looking at the aerial image behavior when 
focus errors occur. Fig, 4 shows, for a 100 xttn isolated line in a binary mask pattern, the 

1 5 aerial image intensity Iai (in arbitrary units) as a function of the position x in the resist layer 
for different dofoous (DF) values, fiom 0 to 0,6 in steps of 0,1 }Jm. For each defbons 
value a separate curve DFl - DF6 is shown. Position x^O corresponds to Ihe center of the 
intensity minimum in the aerial image, thus to the position where &e very small line has to be 
printed. In the area I aroxmd the position x = 0 the aerial image intensity sharply increases 

20 with increasing defocus. For the feature configured in the substrate layer ttiis would mean 
, that its width is very sensitive to focus errors. This, together with line coUj^se, causes a very 
small depth of focus. In other words th^e is a small or even none process window for 
printing very small lines if over-exposure is used. Another disadvantage of the over-exposure 
technique is that a lot of resist material gets lost on top of the resist profile. 

25 According to the invention, for VSL printing small ejqposure doses together 

with long FEB time duration are used. For a small exposure dose, the small amount of acid 
molecules in the vicinity of the aerial image intCTsity minimum, thus in region I in Fig. 4, 
that is generated as such is insufficient to rraider the polymer resist soluble in this region. The 
flireshold value for developing the resist will only be reached in a region II remote ftom 

30 region L In region n the aerial image intensity is considerable less sensitive than in. region L 
If only a low exposure dose were used, rather broad lines would have been printed. However 
a more efSdent use is made of the small amount of generated acid molecules by extending 
the duration of the post exposure bake, or de-protecting, step. This allows the same amount of 
acid molecules to de-proxect more polymer sites. The smaller acid concentrations close to 
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aerial iatenslly imniinHin now becomes sufficieat to render the.resist soluble so that a very 
smaU resist line remaiiifi after dovelopmeat. Since Hie extended PBB step and tlie more 
effiwent \tfe of the acid molecules are not influenced by focus variations, wfaioh are caused 
by the optical system, a large improvement in depth of focus is obtained. 
5 The new processing technique also provides a solution for the problem of line 

coll«?»se. The effect of using lower exposure dose and actended FEB time duration is that the 
slopes of tbe resist profile are more positive. Such a slope is underetood to mean tiie 
transilion of the top of a resist feature, or-line. to its base, thus the waU of such Bne. For a 
resist line having positive slopes the top is smaller than the base. Such a resist line is more 
10 stable during succeeding processing steps and less sensitive to line collapse. The longer PEE 
. . . . step may alsoprovide animproved^ering of the re^ polymer to Uie device substrate, . 
which also prevents line collapse. 

The combination of flie considerably smaller sensitivity to focus variations, i.e. 
the larger DOF, of the new processing technology and the considerably reduced chance of 
15 line collapse results in a substantial enhanced c^ability to print very small lines. This is 
illustrated mFig. 2 by curves C-3 and C-4. These curves show, fisr the same dense line and 
for the same isolated Une used fiw curves C-1 and C-2, respectively the depfti of focus as a 
function of the required CD. It is immediately dear that the new processtog technology 
allows printing of considerably smaller CDs and provides substantially inoeased DOF for 
20 small CDs, down to 50 mn and smaller. 

The data ofFig. 2 are calculated fiomtteBossm^ . 
5b. It is usual to characterize a litiiographic printing process by makmg a s«ies of prints of 
tbe same feature, or line thereby changing exposure dose and focus setting in discrete steps 
across the substrate. The printed lines are obsenred, for example by means of a scanning 
25 electron microscope (SEIVO so that a Focus-Exposure Matrix (FEM) is obtained. When the 
measured CD values are plotted as a ftmction of dose and focus, a so-called Bossnng plot is 
obtahied. Fig. 5a ^ows aBossung plot obtained ftom abinary mask having a pattern of 100 
mn chromium lines spaced at 140 nm by means of a current standard process, using a FEB 
time duration of 90 sec. A resist layer havfaig athickness of the order of 300 nm and 
30 oompriskig a resist of the type AR 237 was used. CD values (in nm) are plotted as a function 
of defocus values DF (in \jm) for eight difibrent exposore doses, ranging ftom 13.80 to 19,40 
mJ/om^ (graphs EDi to EDs). Big. 5a shows that for the denoted process parameters the 
smaUest line width (CD) that can be printed is 80 nm. For this CD a change hi focus of only 
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200 mn can be tolerated, Le. the DOF is oxdy 200 lun. If larger focus enor occiu: the 80 nm 
line wldfli can not be printed. 

Fig. 5b shows the Bossung plot obtained from the same binary ma^ and by 
means of the same process, with the ea^ceptlon that the e}cposure doses are smaller and that 
5 the PHB time duration is substantially extended, to 260 sec. Twelve different exposure doses, 
in the range ftom 9,40 to 16,00 mJ/ cm^ , were used (graphs KDio to ED21). Fig, 5b shows 
that under these ciicumstances line width down to 40 nm can be printed and that much larger 
fbctts variations can be tolerated. For 80 nm line width a focus variation of 1200 nm is 
tolerable and for 45 nm line width the tolerable focus vaiiaHon is 900 zmi. 

1 0 The enhancement with r^ect to the miimnum CD and focus insensitivity of 

the new process is obtained without introducing dependency on the pitch and orientation of 
features in the maskpattem> ^ is the case for alternative conventional enhancement 
techniques like dipole and quadrupole illumination. 

If desired, tixe new process can also be combined wiUi a conventional method 

15 for resolution enhancement, namely replacing the binaiy made patter a phase-shifting 
mask (?8M) pattern. In a phase shifting pattern, the borderlines of a feature are marked by 
areas each of which introduce a phase shift in the illumination beano. By interference of the 
beam portions from these areas a line width can be printed, which is smaller than the imaged 
line width from tiie same feature of a binary mask. This is illustrated in Fig. 6a, which shows 

20 a Bossung plot of a pure phase shifting mask line obtained with ten different cacposure doso 
. (graphs HD30 to ED39) ranging from 28,00 to 37,00 mJ/c^^ 
with a conventional standard process using PEB exposure duration of 90 sec. Pig. 6a shows 
that the smallest line width (CD) that can be printed in principle is 42 nm. However the DOF 
is very small, only 100 nm. 

25 If for printing of the same phase shifting mask line lower exposure doses and a 

FEB thne duration of 260 sec is used, the Bossung plot of Fig. 6b is obtained. Fig. 6b shows 
CD valued obtained widi six difterent esqiosure doses (graphs BD40 to ED45), ranging from 
15,10 to 1 8,60. The new process now allows printing line width down to 36 nm and 
tolerating much larger focus variations, up to 580 nm fbr 37 nm wide lines. 

30 The masic pattern from which tiie Bossung plots of Figs. 6a and 6b are 

obtained comprises only phase shifting areas. Such a mask pattern is also called a chrome- 
less pattern because it does not comprise non-transparent areas. The new method can also be 
used with a mask pattern comprising features in the f6tm of non-transparent ar^ on the 
borders of which phase areas are arrange. 
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A second aspect of the invention relates to adaptation of the process- 
deteradned isofooal C5D to the CSD of the device feature design. The iaofocal CD relatep to 
ospabiUty of Ihe lilfaogr^hic process to reduce Ihe effects of changes in process parameters. 
The most severe effects are caused by changes in exposisre dose and focus variations, wMoh 
5 is clear ftom the Bossttng plots shown in Eigg. Sa, 5b, 6a and 6b. However, for a specific 
feature width, which is called the isofocal CD vcsry large focus and dose variation can be 
tolerated. This isofbcal CD is higjhly dq?endent on the aurroundings of the ffeatore in the 
design pattern and on the resist that is \wed. Unfbrtgnately the process-determined isofcoal 
CSD usually does not conicid© wifti the desired ffeature width in the design, herefaiafter 
10 refened to as design CD. This means that Ihe process latitudes, or tolerances, usually are very 
6mall,.whi6h malces it voy difficult to run the lithographic process adequately. . 

As tiie iaofocal line is, to a large extend, detemiined by the aerial image that is 
offered to the resist layer and variations tiherein caused by focus variations, one could try to 
change, or improve this hnage to rea<*i conre^ondence between flie design CD and th« 
15 iso&cal CD. However, the aerial image g^erally is an essential element of the IC design. 
This aerial imsyg© can only be improved in the desired direction by means of Kcpensive and 
n«i-flexiblB means, Uke the use of phase ahiftfaig masiks or extreme off-axis illumination, like 
dipole and quadropole illumination. The results of the latter types of iUumination are highly 
dependent on the orientation andihe periodicity (the pitoh) of the features in the mask 
20 pattern- Another option to renderthe isofocal CD eqiial to Ihe design CD could be tiie use of 
another resist material.. This would shift the isofocal line, however m a non-controllable way. 
Since change of resist material also afifects oiher aspects of Ihe lithographic process, this is 

not a real solutioru 

To reach coirespondencs between the deiagn CD and Ae iso&oal CD, the 
25 invention uses the fact that duimg the PEB step of apositive resist the acid molecules difRjse 
throu^ file resist polymer ftora areas, v<*lch have reo^ved maxhuum aerial image intensity 
to areas, which have recdved minimwi intensity. As a result, the acid concentration profile 
obtained after the PEB step has been carried out is different from th« original add 
concentration profile, which was defined by the aerial image intensity distribution. The PBB 
30 step also influences the different acid concentration profiles, related to an aerial image 

farture, which different profiles would result &om various focus positions of tiie aerial image 
and thus shifts the intersection of these profiles. The position where the dififerrat focal lines 
intersect each other will change, for example, because most difihsion of acid molecules 
SixufsanfieaaawncOTati?^ — 
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position means shift of the tso&cal line. The invi^on uses the PEB time duration, to tune the 
acid difiEhsion extend and thus to control Ae final acid ooncentrationprofile and to tone the 
isofooal C3D, which is related to said intersection, For» with a longer PES time ttie diffusion 
takes place over a longer extend and the final add profile is different fi:om that obtained with 
a shorter PEB time* 

Since the PEB lime duration determines how efifeotively acid molecules, 
which are graierated by the a^al image exposure of the resist, are used to d&-protect the 
resist polymer, the exposme dose should be adapted to avoid that too much resist material 
would be de-protected and removed duiing the developing step. As the PEB tune duration 
and file exposure dose detemriiie how close to tiie center of a resist line* or -feature, resist 
becomes de-protected, thus soluble, these parameters control liie isofocal CD. 

The effect of the simultaneous tuning of the PEB time duration and exposure 
dose is made clear by means of Figs.7-9, Fig. 7 shows a Bossung plot obtained by means of a 
cunent standard process, using a PEB time duration of 90 see from a dense line, of a pattern 
of 100 aom chromium lines spaced at 140 nm, in a binary mask. The exposure doses are the 
same a^ those used for obtaining tiie plot of Kg, 5a so that the plot of Fig, 7 is similar to that 
of Fig, 5a. Fig. 7 shows best fit Bossung curves for each exposure dose (EDi- EDg), Instead 
of the lines connecting the measured CD values of Fig. 5a, to indicate to which degree CD 
values belonging to a given exposure dose are isofocal. The smaller flie curvature of these 
curves, the best the isofocal situation is approximated for all CDs of the relevant exposure 
dose. For the process conditions of Fig. 7 the isofocal CO is situated around the design CD of 
100 nm* The thick straight lines BLt, BLa denote the boundaries of the CD values that are 
still tolerable. Generally, these lines are put at + 10% and- 10% of the design CD value. 

Fig, 8 shows the Bossung plot obtained firom the same binary maak and by 
means of the same process, wilii the exception that the PEB time duration has been lowered 
to 30 sec and that the exposure doses have be^ increased* Seven different exposure doses, in 
the range of 32,00 to 44,00 mJ/ cm^ , were used (curves ED50 to EDse). For the process 
conditions of Fig. 8 the isofocal CD is situated around 130 nm; the curve ED50 for an 
exposure dose of 32^00 mJ/cm2 shows the smallest curvature. These conditions thus are not 
sxiitable for printing a design CD aboutlOO nm between tiie boundary lines at 90 and 110 titn, 
respectively, but are very suitable for printing a design CD about 130 nm, whereby the 
boundary lines are shifted to 120 and 140 nm, respectively For the higher exposure dose$ of 
Fig. 8 all the quencher is annihilated before substantial diffusion of add molecules starts. 
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Fig. 9 shows the Bossung plot for the stone Taioaiy mask as used for Bigs 7, 8 
and Fig 5b. Now a substaiiliaUy extended FEB time duration of 260 sec has been used, which 
is the same as that used for obtaining the Bossung plot of Fig. 5b. Also ^e exposure doses of 
Pig $ are the same as those of Fig. Sb so that the two Figs, show stoilarBossung plots, ai 

5 Fig. 9 curve EDn, for an exposure dose of 13,60 mJ/ cm^ shows the smallest curvature so 
that for the process conditions denoted in this Fig, the isofocal CD is situated around 60 nm. 
Fig. 9 also d^nonstiates that for the substantially enlarged FEB time duration a bioad range 
of CD values, between 50 and 90 nm, is quasi-isofocal, which means that the curvature of the 
Bossung curves fiw CD vahies different from the isofboal CD la smaller. This inches that, by 

10 the very simple elongation of the FEB step, flie Uthographio process in general becomes 
muchless sensitive fi>r focus variation fbr abroad range of different patterns of ffeatures on 
the subsixatB (wafer). In addition, the new process is independent on the orientation and fee 
periodicity of the features in the pattern and ftsrefiw can be used &r a wide variety of 
applications. For the lower exposure doses of Fig. 9 qoaidiier Is present during the entire 

15 FEB stqt. 

The invention flms provides amethod, which allows toning of the isofocal CD 
in an independent way and without changing the aerial image. This method can be eaaly 
implemented in current lithographic processes and provides big advantages. B allows tuning 
of flxe isofooal CD such that it corresponds with the design CD. This means &at the lange of 

20 plications for wMoh a given resist oanbe used is substaatiany enlarged. The o^abiUty to 
tone the isofooal CD provides the possibility to nse the largest possible process window 
(process latitudes) undor any circumstances and for any pattern stniotnr© that is to be printed. 
The method can also be used to tone the process so as to have the largest overall performance 
for printing device foatures having difTerent sizes simultaneously. 

25 The invention has been described at the hand of a poative resist, but can also 

be employed in a lithographic process wherein a negative resist is used. The measures 
according to the invention will generate similar effects in a negathre resist, but on the resist 
protecting mechanism, i.e. making soluble resist insoluble, instead of on the resist de- 
protecting mechanism. 

3Q The invention can also be used to change the slope of transitions between non- 

soluble resist material and soluble resist maJerial from a negative slope to at least a zero slope 
and preferably a positive slope. 

In currently used lithographic processes wherein the FEB time duration is, for 
ScaiErpl^90-sec,ihB-aoid-concentfadon-profile-in-the-reaist-^^^ — 
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Which means that the transitions between non-sohible and soluble resist material have a 
negative slope. For a positive resist a negative slope means than top sur&oe area of a 
required, non-soluble resist, feature is larger than its base area. Such a feature behaves 
less stable during the developmg step than a resist feature having positive slopes, i.e. having a 
top surface area smaller than its base ar^ For a negative resist feature a negative slope 
means than the top sur&ce area of a required, soluble, resist feature is smaller than its base, 
which may cause difificuliies in removing thus soluble resist portion. As the PBB step changes 
the acid concentration profile in the resist layer and thus the position and slopes of the 
tiansitioa betstreen non-soluble and soluble resist mataial, the PEB time duration can be used 
as a process patameter to change the slop^. 

The rasolts denoted in Figs. 2, 5b, 6b, 7, 8 and 9 were obtained by means of a 
resist layer having a thickness of about 300 nm. This indicates that the invention works very 
well with such aresifit thickness, which is a conventional one. The invention thus can be used 
in coDventioinal Hthogrs^jhic process circumstances. 

Ift according to the invention a longer PEB time is used, fee magnitude of 
slope of a transition between non-soluble and soluble resist material may change. For 
ejcample a slope of 90°, obtained with a conventional process using a PEB time of 90 sec, 
may change to a slope for example. 80*' if ihs PEB time is extended to 180 sec. A slope of 
90^ means that a fictive waU separating non-soluble and soluble resist material is 
peipendicular to the surface planes of the resist layer. The change is slope magnitude is due 
^ absoiption ofejqjosurB radiation by the resist layer, which causes the exposvae mtensiiy at 
fb& top of the layer to be larger than at the base of the layer. If die original slope has to be 
maintained use can be made of a resist material that has a lower absorption coefficient 
Ad^ting resist absorption thus means atefinement of the invention. 

Using a longer PBB time may affect the throughput of the lithographic 
process. Throughput is understood to mean the number of substcates ttiat can, be processed in 
a unit of time. The escposure time of a lithogc^hic projection (exposure) apparatus is for 
example 90 sec. If; as is usual in a conventional process the PEB time is also 90 sec, a steady 
flow of exposed substrates ftom the exposure apparatus to the PEB device, also called hot 
plate, can be maintained. If the PEB time is, for example 260 sec, a substrate that has been 
exposed has to wait 170 sec before it can be placed in the PEB device, which means that the 
throughput of the process is consid^bly decreased. 

By ushig a number of PEB devices, corresponding to the ratio of the PBB time 
duration and the exposure time for one substrate, the hi^ throughput of the process can be 
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maintained. For the given cocample with an exposure time of 90 sec, inclusive aHgoment of 
IhesubsttaterelatlvetotbfiiiuidcpattemandaPEBtimeof^^ seo,thjeePEB devices wiU 
be used. If afirgteocposed substrate is tranq»orted to the first FEB dervice, a second exposed 
siibsteate to 4e second PEB device, a third exposed subsrttate to the third PEB device, a 
5 fourth exposed substrate to the first PEB device and so on, the original high througiJput can 
be maintained. Thereby an effective use is made of the fiwt that at an IC (device) 
manu&cturing site, also caUed a Fab, a number of hot plates are present, which axe not in use 
simultaneously. 

A gestteral problem encountered in Ufhographic processes is that the feature 
printed fiom a dense line having a given design CD, flms a CSD in a mask pattern, is broader 
than the printed feature ftom an isolated line having the same design CD. An isolated lin^ or 
feature, is understood to mean a feature having no neighboring features in a surrounding area 
of a size of the order of the feature width. A dense line, or feature is understood to mean a 
feature, whidi forms part of a series of features at amutual distance in the order of the width 
15 of the feature. For example, an isolated feature having a design CD of 100 nm is printed as a 
feature having a width of 90 nm, whilst a dense featare havmg a width of llO nm. To solve 
this problem, l.o. reduce or eliminate ihe difference in printed width, the isodense bias 
principle can be used. This principle is based on optical proximity conrection (OPC). OPC 
means that in tiie nei^borhood of a dedgn device feature one or more additional features are 
20 arranged. The additional features are such small that they are not imaged as such, but they do 
infbence Ihe wave front of the exposure beam portion that Images the design feature and thus 
the image of Ihe design feature. By means of specific OPC features in the mask pattern the 
printed feature width fix>m a dense feature and ftom an isolated feature can be made equal to 
each other. 

25 However, it was discovered that enlargement of the PEB time caus^ an 

enlargement of the difference between the width of a printed dense feature and the width of a 
printed isolated feature. For example, if the PEB time is increased ftom 90 sec to 260 sec, the 
width of the printed isolated feature will be 100 nm and that of the printed dense feature wUl 
be 130 nm. The ori^nal OPC features can not correct die difference in widftL 
3Q According to the invention this problem can be eliminated if in the design 

stage the envisaged PEB time duration is used as a design parameter to determine the design 
width of tiie design pattern of features. 

The OPC features for printed feature width correction can now be adapted to 

-ffiilPBBiartoBeuseaTo-Wthowm^ 
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further refinement of the method is obtained. It is also possible to adapt other OPC features, 
which are used for other purposes Oxm printed line widfh control, to the P£B tune duration 
clxos^ 

Ja the above eicplanation it has be w suggested that a printed feature would 
S have tiie same wid& as the corresponding feature in the mask pattern. This would imply that 
the projection system is a 1 :1 imaging system. Usually a lithographic projection apparatus 
has a magnification o:^ for example 1/4 orl/S, which means that a mask feature has a width 
£bur> or five times &e width of the printed feature. Hie magnification of ^e projection 
SEystem was not taken into account in order to keep the explanation as simple as possible. 

10 The purpose of the invention is to improve amethod of level-by-level 

manuj^ctuiing of a device, which comprises device features distributed over difibrent levels^ 
which method employs an number of device features configurmg processes, each process for 
one device level. By implem^ting the invention in at least one of the configuringprocesses 
the invention is also embodied in this method. 

IS As the new pattern forming method results in a device having smaller 

minimum device features and/or better defined feature sizes, tike invention is also embodied 
in such a device. 

Although the invention has been described at the hand of a ^eoific 
Htliographic projection ^aratos and at the band of the manuf^ture of ICs, it is not limited 
20 thereto. The invention can also be used in the manufacture of other devices having small 
feature siz^, like crystal panels, thin-film magnetic heads, integrated and planar optical 
systems etc. Moreover, the invention can be used in combination with any projection 
apparatus, which is capable of forming the required aerial image^ 
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CLAIM3: 



1. A method of fonning a pattern of features having sub-mioron wi4tti in a device 
substrate layeac, whidi method todudea the s^s 

fomjing a resist layw of one the resist types: positive resist and negative tesiat 
onfhesubsttrate; 

5 > providing a mask having a inask pattern coirespondiiig to the pattern of 

features to he formed in the substrate layer; 

UJuminating the resist layer via the mask pattern by means of a projection 

beam providing an exposure dose, fliereby generating an acid concentration profile in tiie 

resist layer around each imaged feature; 
10 . heating the illuminated resist layer during a post exposure baldng (FEB) step 

so that, starting ftom the highest illumination intensily areas the material of a positive resist 

layer becomes soluble and the material of a negative resist layer becomes insoluble^ 

respectively in a developer solution; 

developing the resist layer in the developer solution so that resist material Is 
15 ranoved from resist lay^ areas having a solubility above a threshold value so that a resist 

profile patton is obtained; 
. removing material from or adding material to areas of the substrate layeri--= 

wWch areas are delineated by the resist profile pattern, so that the required pattern of features 

is formed in the substrate layer, characterized in that the time duration of the PEB step and 
20 the exposure dose are adtypted to the design width of the features to be fijimed. 

2. A method as claimed in claim 1 . wherein during the PEB step transitions 
between non-solubl© and sohible resist material initiaUy have a negative slope, characterized 
in that an enlarged PEB time duration is used to push the slopes to at least zero slopes and 

25 



3 A mefljod as claimed m claim 1 or 2, characterized in that a resist layer having 

a thickness in flie rang^ of 300 to 350 nm is used. 
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4. A method as clalxaed in claim 2 or 3» chaxacteiized in that a reaist baving 
reduced radiation absorbency is used to reduce changes in the slopes of transitions betcveen 
non-soluble and soluble resist material which changes are due to extended FEB time 
duration. 

5 

5. Amethod as claimed in claiml, 2, 3 or 4 using a same mask pattern for 
successively forming a same pattern in a substrate layer of a batch of substrates by means of 
a same lifhographic exposiire apparatus^ characterised in that for caxrying out the FEB steps 
for successively exposed substrates a number of PHB devices is used, which nuncdser 

10 substantidlly corresponds to the ratio of the PBB time duration and the exposure time for one 
substrate. 

6* A method as claimed in any one of claims 1 to wherein the st^ of providing 

a mask pattern includes designing a pattern having optical proximity corrections features, 
IS charactfflzed in that In the design stage the ^visagedPEB time duration is used as a design 
parameter to determine fixe design width of the design pattern of features. 

7* A method as claimed in any one of claims 1 to 6, characterized in that the PEB 

step is performed during a time at least twice as long as a standard time and that a 
20 correspondingly smaller exposure dose is used to obtain feature width smaller than 80 nmt 

8, A method as claimed in any one of claims I to 6, for use in lithographic 
process having an isofocal CD, ch£)racteri2;ed in that the isofbcal CD is tuned to the design 
CD by adapting the PEB time duration and the exposure dose. 

25 

9, A method as claimed in any one of claims 1 to 8, characterized in that use is 
made of a binary mask pattern. 

10, A method as claimed in any one of claims I to 8> characterized in that use is 
30 made of a phase shifting mssk pattern. 



IL A method of level-by-level manufectuiing of a device, which comprises 

device features distributed over different levels, which method employs a number of device 
features configuring processes, each process for one device level, characterized in that at 



«,-rt.v» A«A«^/^TJT>T» — 032 30.08.2002 13:0£ 



26 30.08^002 
least one of the configuiing processes comprises tiie method as olaimed in any one of claims 
1-10, 

XliwSrmaliifaotuffedrb^^ ~ 

oloims 1-11. 
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ABSTRACT: 



The minimal feature width (CD) of apattexn of device featurei^ cojifigured in a 
substrate layer by means of a lithographic process can be reduced considerably, without 
reducing process latitudes (DOF), by substaulially extending the post-exposure bake step and 
reducing the exposure dose. By the same measures the isofocal CD can be tuned to the design 
S CD so thait for an arbitraiy CD process latitudes are enlarged. 
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